Introduction {#Sec1}
============

Gene therapy is designed to introduce genetic material into the cells of patients to compensate faulty genes or deliver therapeutic transgenes. Over the past three decades, gene therapy has progressed from initial human gene transfer experiments to approved clinical therapies \[[@CR1]\]. Successful gene therapy trials have led to approval of a number of gene therapy products by drug regulation bodies across Europe and the USA. These include Glybera (alipogene tiparvovec), a recombinant adeno-associated virus (rAAV) product for the treatment of lipoprotein lipase deficiency in 2012 \[[@CR2]\], and Exondys51 (eteplirsen), an antisense oligonucleotide compound to restore the reading frame in patients with Duchenne muscular dystrophy in 2016 \[[@CR3]\]. In 2017, the US Food and Drug Administration (FDA) approved gene therapy product, Luxturna (voretigene neparvovec), which is an adeno-associated virus (AAV)-based gene therapy for the inherited retinal disease RPE65-associated Leber's congenital amaurosis (LCA) \[[@CR4]\], marking an historic landmark in gene therapy for eye diseases. Since the efficacy and safety of AAV-based gene therapy for hereditary eye diseases has been established in clinical trials, interest has grown in the use of gene therapy to treat complex polygenic eye disorders such as glaucoma, age-related macular degeneration (AMD), and diabetic retinopathy (DR). DR is an increasingly prevalent chronic condition with complex pathogenesis that is incompletely understood. Gene therapy interventions could potentially provide longer-term treatment with fewer side effects than current therapeutics; however, there are still several barriers to overcome before such a DR treatment could reach clinical trials. This review will provide an overview of the development of gene therapies for DR.

Pathophysiology and Treatments of Diabetic Retinopathy {#Sec2}
======================================================

DR is a common complication of diabetes mellitus and one of the leading causes of blindness among working-age people in the developed country. Severe stages of DR include proliferative diabetic retinopathy (PDR), resulting from abnormal growth of new retinal blood vessels, and diabetic macular edema (DME), where retinal vascular leakage and edema occur in the central part of the retina \[[@CR5]\]. It is estimated that there are 17 million and 21 million patients with PDR and DME, respectively \[[@CR6]\]. With an increased prevalence of diabetes from 415 million in 2015 to nearly 642 million by 2040, the prevalence of DR is expected to rise accordingly \[[@CR7]\].

Control of blood glucose in patients with diabetes is essential to prevent or ameliorate progression of DR; however, beyond this, treatment for severe DR is limited to a few modalities, such as photocoagulation for PDR and anti-vascular endothelial growth factor (VEGF) for DME. Although these treatments are available, no treatment is yet to fully attenuate clinical progression to reverse damage to the retina. Our previous review detailed several canonical biochemical pathways triggered by hyperglycemia in DR \[[@CR8]\]. Despite microcirculatory impairment traditionally being regarded as the main feature of DR, emerging evidence clearly shows retinal neurodegeneration occurring before clinical signs of DR, with subsequent microvascular dysfunction \[[@CR9]--[@CR11]\]. A growing body of evidence highlights the significant role of retinal neuronal dysfunction and death in DR, causing functional deficits such as decreased dark adaptation, contrast sensitivity, color perception, and visual field \[[@CR10], [@CR12], [@CR13]\].

Current Progress in Gene Therapy for Diabetic Retinopathy {#Sec3}
=========================================================

The goal of gene therapy is to achieve adequate expression of a transgene at a level to decrease or cure disease condition with minimal adverse effects. There are several strategies of gene therapy, including gene augmentation, gene-specific targeting, and most recently, genome editing \[[@CR14]\]. Gene augmentation therapy introduces a new functional gene into the host cell to compensate for a faulty gene, which has mostly been applied to monogenic disease. Gene-specific targeted therapy is designed to alter the activity of an existing abnormal gene, or to provide an intact copy of a gene for protection or regeneration. Genome editing or correction therapy directly repairs a mutant gene into a functional gene which thereby can fundamentally correct mutant genes.

Current investigations into gene therapy for DR utilize gene-specific targeted therapy divided into two approaches according to disease pathophysiology: those that target existing neovascularization and vascular hyperpermeability, and those that aim to protect retinal blood vessels and neurons from damage. Within these categories, a variety of candidate genes have been studied as potential targets for DR gene therapy.

Targeting Retinal Vasculopathy of Diabetes {#Sec4}
------------------------------------------

Increased vascular permeability caused by hyperglycemia results in accumulation of intraretinal fluid and other manifestations, such as intraretinal hard exudates and cotton-wool spots, which are the main features of DME. PDR is characterized by retinal neovascularization in late-stage DR, due to endothelial cell proliferation and imbalance between pro-angiogenic and antiangiogenic factors. Accordingly, one of the approaches to DR gene therapy is to inhibit proliferation of endothelial cells or promote anti-angiogenesis (Table [1](#Tab1){ref-type="table"}).Table 1Summary of potential therapeutic genes of gene therapies for retinal angiogenesis in rodent modelsReferenceType of vectorPromoterTransgeneRegulation of transgeneTargetTransduced retinal cellAnimal modelAdministration route(Sun et al., 2019) \[[@CR15]\]AAVCAGHGFKIgk leaderEndothelial cellN/AOIR mouseIntravitreal(Tu et al., 2018) \[[@CR16]\]scAAV2CMVCADNullEndothelial cellN/AOIR mouseIntravitreal(Biswal et al., 2014) \[[@CR17]\]scAAV2GFAPEndostatinHRSE-HREEndothelial cellMüller cellOIR mouseIntravitreal(Haurigot et al., 2012) \[[@CR18]\]AAV2CAGPEDFNullVEGFGanglion, amacrine, horizontal cellTransgenic mouse overexpressing IGF-IIntravitreal(Pechan et al., 2009) \[[@CR19]\]AAV2CMVsFlt-1NullVEGFN/AOIR mouseIntravitreal(Lai et al., 2005) \[[@CR20]\]AAV2CMVsFlt-1NullVEGFN/ATransgenic mouse overexpressing VEGF (trVEGF029)Subretinal(Jiang et al., 2009) \[[@CR21]\]LipofectamineN/AHIF-1α siRNA, VEGF siRNANullHIF-1α & VEGFN/AOIR mouseIntravitreal(Lamartina et al., 2007) \[[@CR22]\]AdenovirusCMV/IRES-M2sFlt-1DoxycyclineVEGFMüller cellOIR ratIntravitreal(Ideno et al., 2007) \[[@CR23]\]AAV5CMVsFlt-1NullVEGFN/ASDT ratSubretinal(Le Gat et al., 2003) \[[@CR24]\]AdenovirusCMVATF, EndostatinNulluPA/uPARN/AOIR mouseIntravitreal(Igarashi et al., 2003) \[[@CR25]\]LentivirusCAGAngiostatinNullEndothelial cellsN/AOIR mouseIntravitreal(Gehlbach et al., 2003) \[[@CR26]\]AdenovirusCMVsFlt-1NullVEGFN/AOIR mousePeriocular(Auricchio et al., 2002) \[[@CR27]\]AAV2/1, AAV2/2CMVPEDF, TIMP3, EndostatinNullEndothelial cellsN/AOIR mouseSubretinal(Bainbridge et al., 2002) \[[@CR28]\]AAV2CMVsFlt-1NullVEGFGanglion cell layer, inner nuclear layerOIR mouseIntravitreal*ATF* amino-terminal fragment, *CAD* calreticulin antiangiogenic domain, *CMV* cytomegalovirus, *GFAP* glial fibrillary acidic protein, *HRSE* hypoxia response silencing region, *HRE* hypoxia response element, *HIF 1α* hypoxia-inducible factor 1 α, *HGFK1* kringle1 domain of hepatocyte growth factor, *IGF-1* insulin-like growth factor-1, *IRES* internal ribosome entry site, *OIR* oxygen-induced retinopathy, *PEDF* pigment epithelium-derived factor, *SDT* spontaneously diabetic tori, *TIMP3* inhibitors of metalloproteinases, *VEGF* vascular endothelial growth factor

Treatment for both DME and PDR has been revolutionized by the availability of intravitreal injection of anti-VEGF agents. Such agents bind VEGF therefore preventing VEGF pathway and suppressing neovascularization \[[@CR29]\]. However, there are shortcomings with regard to variable response to therapy and lack of efficacy in a subgroup of patients. VEGF is an evident therapeutic target for DR gene therapy studies. Various experiments have attempted to interfere in the intraocular VEGF pathway, both extra- and intracellularly. sFlt-1, a soluble splice variant of the VEGF receptor 1 (VEGFR-1 or Flt-1), acts as a decoy VEGF receptor in the extracellular space, and has been investigated as a potential target to suppress retinal neovascularization in experimental animal models \[[@CR19], [@CR22], [@CR23], [@CR26], [@CR28], [@CR30]\]. Flt23k, an anti-VEGF intraceptor, is a recombinant construct of VEGF binding domains 2 and 3 of VEGFR-1 coupled with the endoplasmic reticulum (ER) retention signal sequence lysine-aspartic acid-glutamic acid-leucine (KDEL) \[[@CR29]\]. Flt23k can thus intervene VEGF pathways and degrade VEGF intracellularly. A study reported a clear reduction of choroidal neovascularization in an animal model after injection of AAV-mediated Flt23k, providing indirect evidence of potential of AAV-Flt23k in impeding retinal neovascularization \[[@CR31]\]. Future studies targeting VEGF with AAV as a delivery vector should examine its efficacy and safety in animal models with DR. Other strategies, such as the injection of siRNA-expressing plasmids targeting VEGF, have also showed an effective reduction of VEGF expression, inhibiting retinal neovascularization in animals in early days of gene therapy \[[@CR21]\].

Another approach to suppress retinal angiogenesis is to introduce endogenous angiogenesis inhibitors, such as pigment epithelium-derived factor (PEDF), angiogestin, endostatin, tissue inhibitor metalloproteinase-3, and calreticulin antiangiogenic domain (CAD). A study using AAV to deliver PEDF in the retina demonstrated decreased VEGF levels and reduced expression of angiogenesis-related fibrosis factors, such as matrix metalloproteinases and connective tissue growth factor in transgenic mice designed to develop progressive neovascularization \[[@CR18]\]. Angiostatin is a fragment of plasminogen with the capability of inhibiting endothelial proliferation \[[@CR32]\]. In a murine model of oxygen-induced retinopathy (OIR), a rodent model of retinal neovascularization, lentiviral vector-encoded angiostatin was shown to be a potent inhibitor of neovascularization, although therapeutic safety was not examined \[[@CR25]\]. Like angiostatin, endostatin is proteolytic fragment of collagen XVIII and a potential therapeutic target for neovascularization owing to its antiangiogenic properties \[[@CR33]\]. An earlier study injecting endostatin molecules in animals exposed to OIR showed a marked decrease of VEGF and integrin β3 levels, both of which are strongly related to angiogenesis \[[@CR34]\]. In addition, retinal vascular architecture has been partly preserved in those mice injected with AAV expressing endostatin \[[@CR17]\]. Retinal transduction of AAV encoding other endogenous angiogenesis inhibitors such as tissue inhibitor metalloproteinase-3 or CAD has also been found to reduce retinal neovascularization in OIR mice \[[@CR16], [@CR27]\].

Molecules enabling inhibition of endothelial cell proliferation, such as amino-terminal fragment (ATF) \[[@CR35]\], and kringle 1 domain of hepatocyte growth factor (HGFK1) \[[@CR36]\], have been increasingly investigated as potential therapeutic target of gene therapy for DR. Amino-terminal fragment (ATF) derived from urokinase-type plasminogen activator impedes the migration of endothelial cells inhibiting urokinase-type plasminogen activator binding to its receptor \[[@CR37]\]. Adenovirus-mediated delivery of ATF or endostatin showed a reduction of retinal neovascularization in OIR mice, but the safety of using adenovirus was not investigated \[[@CR24]\]. HGFK1 can suppress proliferation of tumor cells in vitro and vascular cell growth in an animal tumor model \[[@CR38]\], indicating HGFK1 may be able to inhibit ocular angiogenesis. A recent study reported that retinal transduction of AAV-mediated HGFK1 could maintain normal vascular architecture and reduced VEGF expression in the retina of an OIR mouse model \[[@CR15]\].

Inhibitors of vascular permeability, such as sFlt-1 and vasoinhibin, are desirable therapeutic transgene candidates for DR gene therapy. Retinal transduction of AAV encoding sFlt-1 and vasoinhibin can reduce blood-retinal barrier breakdown and decrease microvascular abnormalities, as well as restore some retinal functions after diabetes was induced by streptozotocin (STZ) in rats \[[@CR39], [@CR40]\]. Interestingly, AAV transduction efficacy was found to be increased in STZ-induced diabetic rats compared to controls, which is likely due to elevated cell entry \[[@CR39]\]. Another study also reported that AAV2-vasoinhibin vectors are relatively more efficient than AAV2-sFlt-1 vectors in terms of reduction of vasopermeability in diabetic rats \[[@CR40]\].

Vascular and Neuronal Protection {#Sec5}
--------------------------------

In addition to suppression of existing abnormal blood vessels in retina, gene therapy for DR could be applied as an intervention for the vascular and neuronal degeneration in the early stages of DR, prior to obvious clinical pathologies. An improved understanding of pathophysiology of DR has precipitated studies into the prevention of retinal vascular dysfunction, neuronal apoptosis, or reducing oxidative stress (Table [2](#Tab2){ref-type="table"}).Table 2Summary of potential therapeutic genes of gene therapies for retinal microvascular dysfunction and neuronal degeneration in diabetic rodent modelsReferenceType of vectorPromoterTransgeneRegulator of transgeneVascular protectionNeuronal protectionTargetTransduced retinal cellAnimal modelAdministration route(Ao et al., 2019) \[[@CR41]\]AAV-DJH1Egr1 shRNANullYesN/AEgr1N/ASTZ ratIntravitreal(Mao et al., 2019) \[[@CR42]\]AdenovirusCAGAnti-miR-204-5pNullYesN/ALC3B-IIN/ASTZ ratCaudal vein(Díaz-Lezama et al., 2016) \[[@CR39]\]AAV2CMVVasoinhibin or sFlt-1NullYesYesVEGFGanglion cellSTZ ratIntravitreal(Dominguez et al., 2016) \[[@CR43]\]AAV2CBAACE2NullYesYesRASGanglion cellSTZ ratIntravitreal(Zhang et al., 2015b) \[[@CR44]\]AAV2CAGMnSODNullYesN/AROSN/ASTZ ratIntravitreal(Xu et al., 2014) \[[@CR45]\]AAV2CMVEPONullYesYesEPO receptorsRPE and photoreceptorSTZ ratSubretinal(Adhi et al., 2013) \[[@CR46]\]AAV2/8CAGsCD59NullYesYesMACN/ASTZ mouseIntravitreal(Verma et al., 2012) \[[@CR47]\]AAV2CAGACE2 or Ang-(1--7)NullYesN/ARASN/ASTZ mouseIntravitreal(Gong et al., 2012) \[[@CR48]\]AAV2CBABNDFNullN/AYesNeuronN/ASTZ ratIntravitreal(Ramirez et al., 2011) \[[@CR40]\]AAV2CAGVasoinhibin, PRL, sFlt-1NullYesN/AVEGFGanglion cellSTZ ratIntravitreal*AAV-DJ* (type 2/type 8/type 9 chimera), *CAG* cytomegalovirus early enhancer (CMV)/chicken β actin (CBA), *ERG1* early growth response 1, *LC3B* microtubule-associated protein 1 light chain 3, *MnSOD* mitochondrial antioxidant manganese superoxide dismutase, *ROS* reactive oxygen species, *STZ* streptozotocin, *EPO* erythropoietin, *U6* human RNA polymerase III promoter U6, *CTGF* connective tissue growth factor, *MAC* membrane attack complex, *ACE2* angiotensin-converting enzyme 2, *RAS* renin-angiotensin system, *BDNF* brain-derived neurotrophic factor, *sFLT-1* VEGF receptor 1, *PRL* proteolytic cleavages of prolactin

Early growth response 1 (EGR1) is an important zinc finger transcription factor involved in diverse pathways. Hyperglycemia in diabetes causes a dramatic increase of EGR1 expression in vascular cells, which may be one of the key initial events in the early development of DR. Inhibition of EGR1 expression may reduce injurious effects of hyperglycemia on retinal vascular function. An in vivo study using an AAV vector encoding small hairpin RNAs (artificial RNA molecules that can be used to silence target gene expression via RNA interference) directed against EGR1 showed retinal transduction of these vectors dramatically reduced apoptosis in cells localized to the inner nuclear layer and outer nuclear layer \[[@CR41]\]. The study confirmed that EGR1 regulated retinal endothelial cell function, such as migration and vascularization, via the induction of p53 expression \[[@CR41]\].

Autophagy, a conserved metabolic process, is characterized by lysosomal degradation of dysfunctional proteins or organelles. Studies have shown that microtubule-associated protein 1 light chain 3-II (LC3B-II) is associated with the extent of autophagosome formation and act as a significant molecular biomarker to detect autophagic activity \[[@CR49], [@CR50]\]. In diabetic rats, LC3B-II was suppressed by high glucose levels, suggesting an increase of LC3B might impair DR progression. Intravitreal injection of diabetic rats with adenovirus vectors encoding anti-microRNA-204 enhanced the expression of LC3B-II and promoted autophagy, minimizing the detrimental development of DR \[[@CR42]\].

Vascular and neural cells in DR are subject to apoptosis, at least partly due to upregulation of the membrane attack complex \[[@CR51]\]. Soluble CD59 (sCD59), a membrane-independent inhibitor of membrane attack complex, protects the blood-retinal barrier and retinal neurons from damage. In an STZ-induced diabetic mouse model, sCD59 delivered by AAV reduced vascular leakage by 60% compared with control mice \[[@CR46]\]. Furthermore, sCD59 has been demonstrated to activate retinal glial cells in the short-term. However, concerns remain about whether long-term expression of sCD59 would result in reactive gliosis, a pathogenic process causing neurodegeneration \[[@CR46]\].

The application of neurotrophic factors is another neuroprotective approach for DR gene therapy. Intravitreal injection of AAV vectors encoding brain-derived neurotrophic factor (BDNF) demonstrated an increased survival rate of retinal ganglion cells and improved retinal function in STZ-induced diabetic rats compared to controls \[[@CR48]\]. Overexpression of erythropoietin (EPO), a hematopoietic cytokine, has also been shown to have a potent neuroprotective effect in DR. One attempt demonstrated that intravitreal injection of EPO protects against retinal vascular regression at the early stage of DR in STZ-induced diabetic rats through its downregulations on EPO receptor, VEGF, and VEGF receptor \[[@CR52]\]. Subretinal AAV2-mediated expression of EPO was shown to be successful in preventing blood-retinal barrier disruption and retinal neuronal apoptosis in STZ-induced diabetic rats \[[@CR45]\]. These studies suggest that the use of neurotrophic factors could elicit positive effects in the early stages of DR and warrants further investigation on the need for preventing neurodegeneration.

Oxidative stress is an important event in the pathogenesis in DR, making it an obvious target for gene therapy studies \[[@CR53]\]. In a diabetic rat model, retinal transduction of AAV-mediated manganese superoxide dismutase (MnSOD), the key antioxidant enzyme in mitochondria, has been shown to reduce basement membrane thickening and retinal capillary apoptosis by enhancing the endogenous level and activity of retinal MnSOD and its catalase \[[@CR44]\]. Moreover, these AAV vectors also effectively prevented the progression of DR and the metabolic memory phenomenon, wherein hyperglycemia following the onset of diabetes is "remembered" despite subsequent attainment of improved glycemic control \[[@CR44]\].

A growing body of evidence implicates the involvement of the local renin-angiotensin system (RAS) in retinal vascular permeability and oxidative stress. Clinical studies have clearly shown the benefits of RAS inhibition in both type 1 and type 2 diabetic patients with retinopathy \[[@CR54]\]. Nevertheless, current RAS inhibitors could not completely reverse neurodegeneration and vascular dysfunction due to the presence of local angiotensin II (Ang II). Moreover, the effect of suppression of RAS via angiotensin-converting enzymes and Ang II type 1 antagonists in the retina have yet to be confirmed. One study investigated a counter-regulatory and vasoprotective axis involving angiotensin-converting enzyme 2 (ACE2), angiotensin-(1--7) (Ang-(1--7)), and the Mas receptor \[[@CR55]\]. Injection of AAV vectors encoding ACE2 and Ang-(1--7) resulted in significant reduction of diabetes-induced retinal vascular leakage, acellular capillaries, inflammation, and oxidative stress in diabetes-induced rodents \[[@CR43], [@CR47]\]. These findings suggest that enhancing the ACE2/Ang-(1--7) axis of RAS could protect diabetic retina from progressive vascular dysfunction and neurodegeneration.

CRISPR/Cas-Based Therapies {#Sec6}
--------------------------

The invention of CRISPR/Cas system has allowed gene therapy to progress from gene augment to gene editing. Using single-guide RNAs, CRISPR/Cas recognizes a specific DNA sequence that is subsequently cut by a nuclease such as Cas9. This technology has the potential to be applied in gene therapy for DR targeting the over-expressed VEGF. CRISPR/Cas systems carrying different nucleases, such as Cas9 and Cpf1, along with small guide RNAs that target VEGF and hypoxia inducing factor 1a (*Hif1a*), have been used to effectively prevent choroidal neovascularization in a mouse model of AMD \[[@CR56], [@CR57]\]. Other forms of modified CRISPR/Cas systems where nuclease loses its cutting ability but binds with specific sequence under the guidance of sgRNA were developed to activate and inhibit gene expression in CRISPRi (CRISPR interference) and CRISPRa (CRISPR activation), respectively \[[@CR58]\]. These new CRISPR/Cas systems could be exploited in potential DR treatments that activate gene expression of antiangiogenic factors like PEDF, or alternatively suppress expression of angiogenic factors such as VEGF.

Overall, studies utilizing gene therapy targeting pathological changes in the retina in early and late stage DR have yet to lead to a commercially available treatment. CRISPR/Cas has been an effective tool in animal trials for AMD and may prove similarly suited to DR therapies. Despite encouraging some experimental results targeting either retinal vasculopathy or neurovascular protection, many limitations and challenges are currently hindering the translation of gene therapy for DR from the laboratory to clinical applications.

Clinical Trial Outcomes for Other Ocular Diseases {#Sec7}
-------------------------------------------------

Gene therapy clinical trials (Table [3](#Tab3){ref-type="table"}) for DME were conducted a decade ago using bevasiranib, a small interfering RNA (siRNA) pharmaceutical targeting VEGF \[[@CR59]\]. Although bevasiranib was initially reported as safe and effective, a phase 3 trial with combination of bevasiranib and ranibizumab (a commercially available anti-VEGF reagent) for wet AMD patients was terminated after 2 years on the recommendation of the study's Independent Data Monitoring Committee due to safety and efficacy concerns \[[@CR60]\]. A critical in vitro study conducted 4 years earlier showed evidence of siRNA-induced off-target effects, generating a measurable phenotype \[[@CR61]\]. Published clinical trial data for the treatment of AMD using bevasiranib produced consistent short-term outcomes, but the lack of long-term endpoints means the lasting efficacy of this treatment is not yet established. Compared with none of clinical trials for gene therapy for DR, there are several closed and ongoing trials designed for wet AMD where AAV is used as the delivery vector. Previous gene therapy trials for wet AMD were discontinued due to inconsistent efficacy, but importantly, they reported no safety concerns \[[@CR62]\]. The understanding of gene therapy for inherited retinal disease amenable to gene therapy has advanced significantly with time. Improvements in viral vectors, better selection of transgenes, refined surgical skills to deliver vectors and advanced outcome measures may improve outcomes in future clinical trials for non-inherited eye diseases.Table 3Clinical trials of gene therapy for neovascular eye diseasesTrial identifierDiseasePhaseTarget geneVectorAdministration routeActual/estimated enrolmentTrial countrySponsorYearStatusInhibition of the VEGF-signaling cascadeNCT03066258Wet AMDISoluble anti-VEGF proteinAAV8 (RGX-314)Intravitreal42USARegenxbio2017OpenNCT01024998Wet AMDIsFLT01AAV2.sFlt-1Intravitreal19USASanofi2010OpenNCT01494805Wet AMDI/IIsFLT-1rAAV-sFlt-1Subretinal40AustraliaAdverum Biotechnologies2011CompletedNCT00395057Wet AMDIIsiRNA against *VEGFR-1*AGN211745 (Sirna-027)Intravitreal138USA, Australia and PhilippinesAllergan2007TerminatedNCT00259753Wet AMDIIsiRNA against *VEGF*Bevasiranib (Cand5)Intravitreal120USAOPKO Health2005CompletedNCT00722384Wet AMDIsiRNA against *VEGF*Bevasiranib (Cand5)Intravitreal15USAOPKO Health2004CompletedNCT00363714Wet AMDI/IIsiRNA against *VEGFR-1*AGN211745 (Sirna-027)Intravitreal26USAAllergan2004CompletedNCT00306904DMEIIsiRNA against *VEGF*Bevasiranib (Cand5)Intravitreal48USAOPKO Health2006CompletedInhibition of alternative angiogenic pathwaysNCT03144999Wet AMDISoluble CD59AAVCAGsCD59Intravitreal17USAHemera Biosciences2017OpenNCT01678872Wet AMDIEndostatin- AngiostatinLenti-EIAV (RetinoStat)Subretinal18USAOxford BioMedica2012Active, not recruitingNCT01301443Wet AMDIEndostatin-AngiostatinLenti-EIAV (RetinoStat)Subretinal21USAOxford BioMedica2011CompletedNCT00109499Wet AMDI*PEDF*AdGVPEDF.11DIntravitrealN/AUSAGenVec2005Completed*N/A* not available, *AAV* adeno-associated virus, *DME* diabetic macular edema, *Lenti* lentivirus

Challenges in Gene Therapy for Diabetic Retinopathy {#Sec8}
===================================================

While the landmark gene therapy product, Luxturna, for treatment of Leber's congenital amaurosis, was approved by FDA in 2017 \[[@CR63]\], gene therapies for generic eye disease, such as DR, are still in their infancy due to several factors that hinder clinical translation. Major contributing factors include the complex pathogenesis of the disease itself, issues related to the safety and specificity of the vector delivery of transgenes, patient selection for clinical trials and standardization of outcome measurements.

Limited Understanding of DR Pathogenesis {#Sec9}
----------------------------------------

Limited understanding of DR pathogenesis poses a major obstacle for applying gene therapy at a clinical level. In contrast to many gene therapies in clinical trials that target monogenic eye disease, DR is a polygenetic and relatively heterogeneous disorder. This means gene therapy for DR may need to target a variety of gene candidates that are implicated in the pathogenesis of DR. Additionally, DR is a progressive disease with several staging classifications based on the severity of the symptoms over the disease course, which convolutes patient selection criteria. Furthermore, it may not be appropriate for participants with the same clinical classification to undertake the same therapy given the diverse range of genetic polymorphisms that can contribute to a similar clinical picture. This complexity starkly differs from the relative simplicity of the pathogenesis of LCA, an inherited retinal dystrophy attributable to mutations in a single gene, RPE65, with clinical features evident from birth and for which there is currently gene therapy commercially available \[[@CR63]\]. The complicated pathogenesis of DR contributes to the difficulty of creating an appropriate animal model, which further hinders the translation of gene therapy research for this condition.

With the application of new techniques such as single cell sequencing and CRISPR/Cas gene editing technology, our understanding of the pathogenesis of DR is evolving as new genes associated with different stages of DR are discovered. While VEGF has been a key therapeutic target, these new techniques will allow other genes involved in critical pathways in DR to be identified and validated for gene therapy.

Vector Safety and Stability {#Sec10}
---------------------------

Viral vectors pose another major concern for an effective and safe delivery of transgenes in gene therapy. Over the past two decades, studies have increasingly used AAV instead of adenovirus or lentivirus in both basic and clinical research of gene therapy for eye diseases. Compared with other viral vectors, AAV is less immunogenic and only a small portion undergoes genome integration, although major limitations include its relatively small transgene packaging capacity and high cost for clinical-grade manufacturing (Table [4](#Tab4){ref-type="table"}). Our previous review has detailed the differences between these vector modalities \[[@CR8]\]. AAV2 is currently the most-used viral vector in gene therapy clinical trials; however, its transduction efficacy in the retina is limited, and its target cell-type depends on the administration route due to physical and cellular barriers; for example, photoreceptors are transduced via subretinal injection whilst ganglion cells are transduced via intravitreal injection \[[@CR64]\]. Müller cells, a key source of VEGF expression in DME and PDR, cross through all layers of retina, which are not well transduced by AAV2 with ubiquitous promoters, such as cytomegalovirus, chicken β-actin or cytomegalovirus early enhancer/chicken β-actin \[[@CR8]\]. Glial fibrillary acidic protein promoter, a glial cell-specific promoter that modulates transgene expression in AAV2, has been demonstrated to target Müller cells specifically and to supress retinal neovascularization significantly in OIR models \[[@CR17]\].Table 4Biological properties of commonly used viral vectors for gene therapyPropertiesAAVLentivirus/retrovirusAdenovirusPackaging capacity\< 4.5 kb8 kb7.5 kbTropismDividing/non-dividing cellsDividing cellsDividing/non-dividing cellsGene expressionLong-termLong-termTransientTransduction efficiencyLowLowHighHost genome integrationNoYesNoImmunogenicityNoNoYesEase of amplificationNoNoYesViral titerHighLowHigh

Alternatively, AAV vectors can be modified to improve their viability. An AAV variant, 7m8, developed by in vivo directed evolution, demonstrated stronger transduction in the outer retina compared with AAV2 \[[@CR65]\]. Using in silico analysis, Anc80, a predicted AAV ancestor, showed a robust increase in transduction efficacy than AAV2 \[[@CR66]\]. In contrast to conventional AAV, self-complementary AAV (scAAV) encompasses an inverted repeat gene sequence that is able to fold into a section of double-stranded DNA without the synthesis of a second DNA strand. An in vitro study showed the transduction efficacy of scAAV is 5- to 140-fold higher than conventional AAV \[[@CR67]\]. However, scAAV can only hold about half of that packaging capacity of conventional AAV vector (\~ 2.4 kb for scAAV vs \~ 4.7 kb for conventional AAV) \[[@CR67]\].

The deficiencies of AAV as a viral vector have led to the development of non-viral vectors. Synthetic vectors tend to show mild immune responses in part due to the lack of preexisting antibodies and can carry large transgene payloads. Their production for clinical application is easier and cheaper than traditional viral vectors \[[@CR68]\]. Despite these advantages, non-viral vectors have been largely confined to experimental settings because of their poor transduction efficacy comparing with viral vectors \[[@CR8]\].

Targeted Modulation of Transgene Expression {#Sec11}
-------------------------------------------

Another challenge for gene therapy is to ensure that only those targeted cells or tissues are effectively transduced, as unintentional transduction of non-targeted cells could potentially cause toxicity or adverse reactions. All vectors contain an expression cassette where transgene and regulatory sequence, such as promoters, are included. Promoters can regulate transgene expression and determine target specificity. Most studies use ubiquitous promoters in vector design, such as cytomegalovirus, chicken β-actin and its derivative cytomegalovirus early enhancer/chicken β-actin, so that most cells are transduced without target specificity. Future identification of promoters that target specific cell types would minimize off-target effects of viral vectors, and lead to safer clinical safety profiles.

Ideally, transgene expression could be modulated according to disease activity. A few of studies have shown that gene expression can be switched on and off at the protein level through the utility of a destabilizing domain \[[@CR69], [@CR70]\]. The destabilizing domain-fused protein of interest can be degraded by the endogenous proteasomal systems, and when the disease is in its active stage, the fused protein can be rescued in the presence of shielding small molecule ligands such as synthetic ligand shield-1, trimethoprim, and 4-hydroxytamoxifen \[[@CR71]\]. Other approaches to regulate transgene expression may include specific enhancer or responding elements incorporated in the expression cassette, for instance enhancers bound to transcription factors upregulated during active DR progression, such as HIF-1 \[[@CR72]\]. MicroRNA responding elements could also be used to regulate transgene expression at stable and safe levels \[[@CR73]\].

Patient Selection and Protocol for Outcome Measurement in Clinical Trials {#Sec12}
-------------------------------------------------------------------------

Patient selection for a clinical trial of gene therapy for DR would need to account for a number of factors. Only individuals with a history of strict glycemic control who are responsive to conventional treatment should be selected as potential candidates due to the metabolic memory phenomenon. Detectable genetic and epigenetic risk factors also need to be controlled for in any future trials.

To assess and monitor the efficacy and safety of gene therapy in clinical trials, the measurement of treatment outcomes is a key consideration. Reproducible and reliable testing of outcome measurements are required to justify clinical trial data for ocular gene therapies \[[@CR74]\]. Visual acuity (VA) is a widely accepted measure methodology in 94% of gene therapy trials. However, higher variability in VA has been identified in low vision patients and different VA measures were reported even within the same trials for the same disease, indicating that optimization of VA measurements should be studied further \[[@CR75]\]. A review of ocular gene therapy clinical trial publications suggested that formal natural history studies and additional validation studies of novel outcome measures should be included in an effort to standardize outcomes. The outcome measures recorded need to be optimized according to the specific molecular target location within the eye. Moreover, appropriate outcome measures being specific to DR, such as Early Treatment Diabetic Retinopathy Study (ETDRS) scale \[[@CR76]\] and diabetic retinopathy severity score \[[@CR77]\], should also be taken into account for a thorough review for treatment efficacy and safety.

Conclusion {#Sec13}
==========

The FDA landmark approval of Luxturna for LCA was a significant milestone for gene therapy. Whilst most of the Phase III gene therapy clinical trials currently in progress target inherited eye diseases, an increasing number of studies are now investigating complex ocular diseases including AMD and DR. Gene therapy approaches to DR can be broadly categorized as either targeting the pro- and antiangiogenic factors involved in neovascularization in late-stage DR, or preventing vascular and neuronal degeneration in the early stages of DR. The barriers to clinical trials are due to the complexity of DR pathogenesis, patient selection and outcome measurement, as well as broader challenges pertaining to vector safety, selection, targeting, and modulation.
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